Zebrafish is a model organism suitable for studying vertebrate development. We analyzed the N-glycan structures of zebrafish embryos and their alterations during zebrafish embryogenesis to obtain basic data for studying the roles of N-glycosylation. Multiple modes of highperformance liquid chromatography and multistage mass spectrometry were used for structural analysis of N-glycans. The N-glycans from deyolked embryos at 36 hours postfertilization, a midpharyngula stage, contained relatively higher amounts of complex-and hybrid-type glycans with LacNAc (Galβ1-4GlcNAc) and/or sialyl LacNAc without additional β1,4-Gal, which are commonly found in mammalian tissues, as well as abundant oligomannose-type glycans. Some of the complex-and hybrid-type glycans possessed various extended LacNAc structures, such as Galβ1-4LacNAc, LacNAc-repeat or unique (+/− dHex)-GalNAcα1-GlcNAcβ1-LacNAc. In contrast, the yolk of the embryo contains predominant oligomannose-type glycans and complex-type glycans with Galβ1-4(Siaα2-3)Galβ1-4(Fucα1-3)GlcNAc antennae. N-Glycan profiles obtained from deyolked embryos at different stages showed stage-dependent variation of complex-and hybrid-type glycans. At gastrula and early segmentation stages, complex-and hybrid-type glycans were minor components, and their antenna structures were mainly sialyl LacdiNAc (Siaα2-6GalNAcβ1-4GlcNAc). From the mid-segmentation to pharyngula stages, those with LacNAc and/or α2,6-sialyl LacNAc antenna structures increased remarkably, and those with α2,3-sialyl LacNAc antenna, core α1,6-Fuc and bisecting GlcNAc modifications increased gradually. These results suggest the presence of mechanisms for regulating the antenna structures of complex/ hybrid N-glycan biosynthesis in the phylotypic stage of vertebrate development.
Introduction
Protein N-glycosylation is one of the major posttranslational modifications in eukaryotes. Oligomannose-type glycans are conserved in eukaryotes, whereas processed N-glycans (i.e., complex-, hybrid-and paucimannose-type N-glycans) show clade-specific structures (Kornfeld and Kornfeld 1985; Schiller et al. 2012) . N-acetylglucosaminyltransferase-I (GnT-I) is the key enzyme for biosynthesis of complex-, hybridand most paucimannose-type N-glycans. Several studies on GnT-I deficient animals have been performed (Schachter 2010) . For mammals, complex-and hybrid-type N-glycans are essential to embryonic development, since GnT-I deficient mice is embryonic lethal (Ioffe and Stanley 1994; Metzler et al. 1994) . On the other hand, GnT-I deficient Drosophila melanogaster shows several defects, but survives to adulthood (Sarkar et al. 2006; Schachter 2009 ). Caenorhabditis elegans lacking all three GnT-I genes develop normally under laboratory conditions (Zhu et al. 2004) . In mammals and other vertebrates, it is known that complex-and hybrid-type N-glycans usually contain type-II N-acetyllactosamine (LacNAc, Galβ1-4GlcNAc) antennae and/or its sialylated forms, whereas these glycan structures are uncommon in the invertebrate model animals. In insects, processed N-glycans are usually paucimannose-or complex-type glycans with LacdiNAc (GalNAcβ1-4GlcNAc), although small amounts of complextype glycans with sialyl LacNAc in Drosophila embryos have been reported (Butters and Hughes 1981; Williams et al. 1991; Kubelka et al. 1993 Kubelka et al. , 1995 Aoki et al. 2007 ). Recent reports showed that C. elegans has several distinct N-glycan maturation pathways, such as core Gal-Fuc epitopes and bisecting Gal, as well as conventional complextype glycans by GlcNAc transferases (Hanneman et al. 2006; Paschinger et al. 2008; Yan et al. 2015) . Therefore, other model systems are needed for functional study of vertebrate type N-glycans during embryonic development.
Zebrafish is used as a model for vertebrate development and drug screening (Mullins et al. 1994; Granato and Nüsslein-Volhard 1996; Haffter et al. 1996; MacRae and Peterson 2003) . Several studies on glycosylation-associated genes have been reported (Flanagan-Steet and Steet 2013) . However, only limited information about the actual N-glycan structures of the zebrafish embryo is available. The first comprehensive glycomic study of zebrafish embryos revealed that oligomannose-type glycans and complex-type N-glycans with uncommon β1,4-galactosyl sialyl Lewis x (Galβ1-4(Siaα2-3) Galβ1-4(Fucα1-3)GlcNAc) antennae were major N-glycans at all developmental stages of the whole zebrafish embryonic samples including the yolk (Guérardel et al. 2006) . The yolk contains abundant proteins as nutrition for the embryo, and these are mainly derived from a phospholipoglycoprotein, vitellogenin (Denslow et al. 1999) . During protein glycosylation analysis of the whole embryo, especially the early stages, the signals from embryonic proteins that are present in smaller proportions might be obscured by those from the predominant yolk proteins (Link et al. 2006) . The glycomic studies of deyolked larvae on O-glycans and glycosphingolipids (Boccuto et al. 2014) and N-and O-glycans (Bammens et al. 2015) were reported and the latter demonstrated different N-glycan profiles between whole larvae and deyolked ones.
Previous N-glycan analysis of deyolked embryos at the earlier stages focused on only sialidase-digested glycan pools allowed the identification of stage-specific alteration of the complex-type glycans with the simple LacNAc structure "common" to mammals, which increased from the segmentation stage (Takemoto et al. 2005) . The glycomic analysis of a zebrafish liver cell line showed that both the unusual galactosyl sialyl Lewis x and common sialyl LacNAc antennae are present on the complex-type N-glycans (Vanbeselaere et al. 2012) .
In this study, we further investigated N-glycan structures and their alterations during zebrafish embryonic development. Our results indicated that the complex-and hybrid-type N-glycans of the deyolked embryos mainly possessed the LacNAc and/or sialyl LacNAc common to mammals, which increased from the segmentation to pharyngula stages, in contrast to the constantly abundant oligomannose-type glycans. We also found that some complex-and hybrid-type glycans contained various extended LacNAc structures. On the other hand, the yolk contains predominantly oligomannosetype glycans and complex-type glycans with the galactosyl sialyl Lewis x at all analyzed stages. Taken together, our results thus provide further insight into the structural features of N-glycans of the zebrafish embryo and the regulation of complex-and hybrid-type glycans with common LacNAc and/or sialyl LacNAc during the development of vertebrates.
Results
Preparation of pyridylamino-or 2-aminopyridine-N-glycans of zebrafish embryos at 36 hours postfertilization First, we analyzed the N-glycan profile of embryos at 36 hours postfertilization (hpf), a mid-pharyngula stage, to clarify the overall structural features of N-glycans in zebrafish embryos. The embryonic samples used in this study were deyolked to distinguish the glycans synthesized in embryos from those of maternal yolk glycoproteins. The glycans of acetone-precipitated yolk proteins were also analyzed in parallel. As the materials,~1200 deyolked embyros and the yolkprecipitate from~300 embryos were used. N-Glycans from the embryos and the yolk were released by hydrazinolysis and labeled with pyridylamino-or 2-aminopyridine (PA). The crude PA-glycans from the embryos and the yolk were separated on size-fractionation high-performance liquid chromatography (HPLC) and the peaks eluted after the elution position of PA-isomaltotetraose were collected as fractions E and Y, respectively ( Figure 1A) . Analysis of the PA-monosaccharides of reducing ends suggested that the materials eluted earlier than PA-isomaltotetraose mainly consisted of nonglycan fluorescent materials and PA-derivatized glycans other than N-glycans, such as small glucose oligomers, O-glycans and their peeling products (data not shown). The collected fractions, E and Y, were separated on anion-exchange HPLC into neutral (E-N, Y-N), mono-sialylated (E-A1, Y-A1) and di-to tri-sialylated (E-A2, Y-A2) fractions ( Figure 1B ). These fractions were separated on reversedphase HPLC, and the peaks were collected ( Figure 1C ). The collected fractions were further separated by additional size-fractionation HPLC (data not shown). For structural assignment of the PA-N-glycans, the elution positions of PA-N-glycans on reversed-phase HPLC and sizefractionation HPLC were converted to the reversed-phase scale and the glucose unit (GU), respectively, and these normalized values were compared with those of standard PA-N-glycans. The relative amounts of each PA-glycans were calculated based on the peak areas on reversedphase and size-fractionation HPLCs. The fractionated PA-glycans were also analyzed by electrospray ionization-mass spectrometry (ESI-MS) and MS 2 to elucidate their mass and monosaccharide compositions. In addition, for the structural analysis of PA-glycans having data that did not match that of the standard PA-N-glycans, we performed exoglycosidase digestion, alkaline phosphatase digestion, mild hydrochloric acid treatment and detailed multistage mass spectrometry (MS n ) analysis after permethylation. The major PA-N-glycans (glycans #1-64) analyzed in this study are summarized in Table I and Supplementary data, Figure S1 . The minor PA-N-glycans (glycans #65-108) are summarized in Supplementary data, Table SI. The PA-glycans for which the mass values and MS 2 profiles corresponded to Hex n -PA were also detected in the neutral glycan fractions. These glycans were digested almost completely by glucoamylase from Rhizopus sp. or partially by α-amylase from Aspergillus oryzae, indicating that they were α-Glc oligomers (data not shown).
Oligomannose-type N-glycans
Neutral fractions of both the embryo and the yolk contained abundant oligomannose-type glycans. In the embryo, the most abundant structure was Man 9 GlcNAc 2 (glycan #1 in Table I ), and other structures (Glc 0 -3 Man 3 -9 GlcNAc 2 , #2-18) were also detected abundantly. In the yolk sample, on the other hand, Man 9 GlcNAc 2 (#1) was highly predominant, and Glc 1 Man 9 GlcNAc 2 (#17) and three Man 8 GlcNAc 2 isomers (#2-5) were relatively abundant, but smaller oligomannose-type structures were relatively scarce. The yolk contains larger amounts of N-glycans, and the amount of the most abundant glycan-i.e., glycan #1-per yolk of the embryo was about 11-fold greater than that of the deyolked embryo. In addition, the acidic fraction of the yolk (Y-A2) contained some glycans of 80 Da higher mass than those of neutral oligomannose-type glycans (#66-75 in Supplementary data, Table SI ). Alkaline phosphatase digestion converted these glycans into neutral oligomannose-type glycans (Supplementary data, Figure S2 ). We concluded that those acidic glycans were phosphorylated oligomannose-type glycans. The multiple peaks of the glycans with Hex 9 HexNAc 2 Phosphate 1 composition were detected, which were due to probably isomers of linkage positions and/or the variable charge state of the phosphate group. These phosphorylated glycans showed broader and fused peak on size-fractionation HPLC.
Complex-and hybrid-type N-glycans with common structures in vertebrates
In the embryo, most of the complex-and hybrid-type N-glycans contained LacNAc (Galβ1-4GlcNAc) antennae, a common structure of vertebrate glycans, and some were modified by core α1,6-Fuc and/or bisecting 34, [36] [37] [38] [39] [41] [42] [43] [47] [48] [49] [50] [51] . The LacNAc of these glycans was frequently sialylated. Sialylation by α2,6-linkage was more abundant than that by α2,3-linkage. Among the mono-sialylated glycans, sialylation occurred mainly on the α1,3-Man arm. A biantennary structure with one α2,6-sialic acid on an α1,3-Man arm (#34) was the most abundant structure among complex-type glycans of the embryo. Some complex-type glycans possessed LacNAc with additional extension, as described in a later section of this paper. Most of the complex-type glycans were biantennary, although a small number of triantennary glycans by β1,6-branching on an α1,6-Man arm of the trimannosyl core were also found (glycan #39). Hybrid-type glycans possessed single LacNAc #20, 21, 23, 24, 77, 78, 80, 81) . Complex-and hybrid-type glycans with nonextended GlcNAc antenna (#19, 25-27, 76, 82) , and those with LacdiNAc (GalNAcβ1-4GlcNAc; #22, 35, 44-46, 79, 86, 88-90) instead of LacNAc were also detected as minor components. The LacdiNAc structure was determined by digestion with jack bean β-N-acetylhexosaminidase and/or Streptomyces plicatus β1,3/4/6-N-acetylhexosaminidase. The former can remove both β-GalNAc and β-GlcNAc residues, whereas the latter can remove only β-GalNAc from LacdiNAc termini. The LacdiNAc structures were also confirmed by comparing the elution positions of HPLCs with standard LacdiNAc-containing N-glycans prepared from bovine thyrotropic hormone (Green and Baenziger 1988) , after de-sulfation by methanolysis (Slomiany et al. 1981 ; Supplementary data, Table SII ). The LacdiNAc antennae were also frequently sialylated as with LacNAc. Some reports have shown that the LacdiNAc could also be sialylated by either α2,3-or α2,6-linkages (Coddeville et al. 1992; Pfeiffer et al. 1992; Tanaka et al. 1992 ). Calculated values from elution times of standard glycans (Natsuka et al. 2014 ).
e Monosaccharide symbols are indicated as follows: white circle, Gal; white square, GalNAc; gray circle, Man; black circle, Glc; black square, GlcNAc; gray triangle, Fuc; gray diamond, sialic acid (NeuAc); white triangle, unassigned dHex.
f Relative amounts of the glycans with the amount of the most abundant glycan, #1, taken as 100. Although a linkage-specific neuraminidase is a powerful tool to determine the linkage position of sialic acids, α2,3-specific neuraminidase (e.g., Streptococcus pneumoniae neuraminidase) does not act on the Neu5Acα2-3GalNAc structure (Toivonen et al. 2001) . Therefore, we analyzed sialic acid linkage on LacdiNAc by MS n analysis of permethylated PA-glycans. The permethylated form of PA-glycan #46, a biantennary glycan with two sialyl LacdiNAc, the composition of which was Hex 3 HexNAc 6 NeuAc 2 -PA, was detected as a doubly sodiated ion at m/z 1495 on the ESI-MS spectrum, and then the B 2 -ion at m/z 643 corresponding to the sodiated terminal Neu5Ac-HexNAc (Figure 2A ) was isolated from MS 2 . The MS 3 spectrum of this ion contained 3,5
A 2 ion at m/z 486 ( Figure 2B ), representing the presence of α2,6-linked Neu5Ac (Weiskopf et al. 1998) . Similar results were obtained from other sialyl LacdiNAc-containing glycans, #22 and #35 (data not shown). The elution positions of the sialyl LacdiNAccontaining glycans on the 2D-HPLC map were shifted in parallel with the α2,6-sialyl LacNAc glycans and not with the α2,3-sialyl LacNAc glycans by neuraminidase digestions (Supplementary data, Figure S3 ). It has been reported that positional relation of PA-glycans on the 2D-HPLC map obey the additivity rule (Natsuka et al. 2014) . Thus, our results suggested that the sialylation of LacdiNAc of zebrafish embryos was predominantly an α2,6-linkage.
In the yolk, on the other hand, complex-and hybrid-type glycans with common simple LacNAc, LacdiNAc or nonextended GlcNAc antennae were barely detected, but complex-type glycans with further galactosylated and fucosylated sialyl LacNAc were abundant as described in the following section.
Characteristic complex-type N-glycan structure in yolk
Another major complex-type N-glycans shared a characteristic structure, Hex 2 HexNAc 1 dHex 1 NeuAc 1 (#58-64 and 103-108). This antenna was presumed to be a galactosyl sialyl Lewis x structure, Galβ1-4(Neu5Acα2-3)Galβ1-4(Fucα1-3)GlcNAc, that was previously identified from whole zebrafish embryos including yolks (Guérardel et al. 2006) . Most of the complex-type glycans in the yolk contained this structure. In the deyolked embryo, these glycans were also found as one of the major groups of complex-type glycans, but the ratio of detection of these glycans showed higher batch-to-batch variability, presumably due to variation in the efficiency of the manual deyolking process (data not shown), suggesting that these glycans were mainly originated from the yolk. Among the complex-type glycans with the antenna structure in the yolk, the mature biantennary form (#63) was the most abundant. Biantennary glycans containing one immature antenna (#58-62 and 103-107), triantennary glycans with a β1,6-branch on the α1,6-mannose arm (#64) and further sialylation of sialic acid (#108), and an asialo form of the biantennary structure (#57) were observed as minor components. Core α1,6-Fuc and bisecting GlcNAc modifications were not detected. The antennal structure was confirmed using the major biantennary glycan (#63). Sialic acid of the antenna was sensitive to neuraminidase from Arthrobacter ureafaciens with broad specificity, yielding #57, but resistant to α2,3-neuraminidase from S. pneumoniae, probably due to the presence of additional Fuc and Gal residues. The S. pneumoniae β1,4-galactosidase digestion cleaved one Gal residue per antenna from the de-sialylated form (#57), yielding a biantennary glycan with two Lewis x structures (Natsuka et al. 2014) . After the removal of the sialic acid and the outer Gal residues, the Fuc residue could be digested with Streptomyces sp. α1,3/4-fucosidase, yielding a common LacNAc biantennary glycan (#29). Mild hydrochloric acid treatment removed both the sialic acid and Fuc residues from #63, resulting in #95. The digestion with S. pneumoniae β1,4-galactosidase but not with Jack bean β-galactosidase sequentially removed two Gal residues per antenna from the de-sialylated and defucosylated forms (#95), and led to an agalacto biantennary glycan (#25). The shifts in HPLC elution positions during the enzymatic and chemical treatments are summarized in Figure 3A .
Permethylated derivatives of the PA-glycans were also analyzed by ESI-MS A-fragment ions at m/z 329 and 533 representing the terminal Hex1-4Hex1-4HexNAc sequence (Ashline et al. 2005 (Ashline et al. , 2007 , and B/Y-ion at m/z 646 corresponding to internal Hex 1 HexNAc 1 dHex 1 ( Figure 4B ). The A-ion of the internal Gal with a 3-OH group, which was generated by the loss of a sialic acid during fragmentation ( Figure 4D ). These and MS n analyses as well as glycosidase-digestions and chemical hydrolysis confirmed the presence of Galβ1-4Galβ1-4GlcNAc antennal sequence with an α2,3-sialic acid linked to the internal Gal and α1,3-Fuc attached to GlcNAc. HexNAc 1 antenna of the Hex 6 HexNAc 4 NeuAc 1 -PA (#52) lost two Gal residues by S. pneumoniae β1,4-galactosidase digestion, yielding #87 ( Figure 3B ), but was scarcely digested by jack bean β-galactosid ase. The permethylated derivative of this glycan was detected as a doubly sodiated ion at m/z 1375 and produced a B-ion at m/z 690, corresponding to antennal Hex 2 HexNAc 1 on MS 2 ( Figure 5A ). The MS 3 spectrum of this ion contained linkage-specific cross-ring fragments, 3, 5 A-ions at m/z 329 and 533 in addition to B-and C-ions at m/z 445 and 463 of terminal Hex 2 , and a B/Y-ion at m/z 472 of internal Hex 1 HexNAc 1 (Figure 5B ), indicating a Hex1-4Hex1-4HexNAc sequence. These results were consistent with a Galβ1-4Galβ1-4GlcNAc antenna. We found many glycan variants containing this Galβ1-4LacNAc structure (#57-64, 91-99, 101 and 103-108), but they were present only in small amounts, except in the case of the glycan abund ant in the yolk (#63).
Complex-and hybrid-type N-glycans with further extended LacNAc structures
The glycan Hex 5 HexNAc 5 NeuAc 1 -PA with Hex 1 HexNAc 2 antenna (#53) was resistant to β1,4-galactosidase, but digested by S. pneumoniae β-N-acetylglucosaminidase to produce a conventional LacNAc structure, #34 ( Figure 3B ). The permethylated glycan, doubly sodiated ion at m/z 1396 yielded a B-ion of Hex 1 HexNAc 2 at m/z 731 on MS 2 ( Figure 6A ). Although we could not elucidate the linkage position of terminal GlcNAc to Gal, this antenna was determined to be a GlcNAcβ1-Galβ1-4GlcNAc structure, the precursor form of the additional elongated structures described in the following paragraphs. The Hex 6 HexNAc 5 NeuAc 1 -PA glycan containing Hex 2 Hex NAc 2 antenna (#100) was sensitive to β1,4-galactosidase, producing #53 ( Figure 3B ). The permethylated glycan was detected as a doubly sodiated precursor ion at m/z 1498, and yielded a B-ion corresponding to Hex 2 HexNAc 2 antenna at m/z 936 on MS 2 ( Figure 6B ). In the MS 3 spectrum of that ion, intense signals of B-ion at m/z 486 and B/Y-ion at m/z 472 corresponding to the compositions of (1) α2,3/6/8/9-neuraminidase, (2) β1,4-galactosidase, (3) α1,3/4-fucosidase, (4) mild hydrochloric acid, (5) α-N-acetylgalactosaminidase and (6) β-N-acetylglucosaminidase. (A) PA-glycan #63 was digested with α2,3/6/ 8/9-neuraminidase into #57, and then with β1,4-galactosidase into structure a, corresponding to biantennary glycan with Lewis x, Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-3(Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-PA (Natsuka et al. 2014 ). The structure a was digested with α1,3/4-fucosidase into #29. #63 was also digested with mild hydrochloric acid treatment into #95, and then with β1,4-galactosidase into #25. (B) PA-glycan #52 was digested with β1,4-galactosidase and its position shifted to the position of #87. PA-glycan #100 was digested with β1,4-galactosidase and #54 was digested with α-N-acetylgalactosaminidase. The elution positions of both #100 and #54 were shifted to the position of #53. PA-glycan #53 was digested with β-N-acetylglucosaminidase and its position shifted to #34. The elution positions of PA-glycan #34 also shifted to #87 by digestion with β1,4-galactosidase. (C) Both #54 and #55 were digested by mild hydrochloric acid treatment into structure b, the de-sialylated form of #54.
terminal and internal Hex 1 HexNAc 1 were observed ( Figure 6C ). These results indicated that the antenna was Galβ1-4GlcNAcβ1-Galβ1-4GlcNAc, a LacNAc repeat. The Hex 5 HexNAc 6 NeuAc 1 -PA glycan with the Hex 1 HexNAc 3 antenna (#54) was permethylated and detected as a doubly sodiated ion at m/z 1518. The B-ion at m/z 977 corresponding to the antenna was isolated from the MS 2 spectrum ( Figure 7A ) and yielded a B-ion at m/z 527 and B/Y-ion at m/z 472 corresponding to the terminal HexNAc 2 and internal Hex 1 HexNAc 1 , respectively, on MS 3 ( Figure 7B ), suggesting that LacNAc was further elongated by a HexNAc 2 unit. Unexpectedly, the nonpermethylated form of this glycan showed resistance to β-N-acetylhexosaminidases from both jack bean and S. plicatus, indicating that this HexNAc 2 unit was not a LacdiNAc structure. On the other hand, the outermost HexNAc was cleaved by Acremonium sp. α-N-acetylgalactosaminidase, and the second HexNAc was cleaved by S. pneumoniae β-N-acetylglucosaminidase ( Figure 3B ). These digestions converted the glycan #54 to the glycan #34 with a common LacNAc antenna, suggesting that the HexNAc 2 unit was a unique GalNAcα1-GlcNAcβ1 structure attached to LacNAc. The internal GlcNAcβ1-Galβ1-4GlcNAc structure of this antenna was identical to the precursor of the LacNAc-repeat sequence. The mono-sialylated glycan with an Hex 1 HexNAc 3 dHex 1 antenna (#55) was permethylated and detected as a doubly sodiated ion at m/z 1605. The B-ion at m/z 1151 corresponding to the antenna was isolated from the MS 2 spectrum ( Figure 8A ). The MS 3 of this ion showed a B/Y-ion at m/z 472 and B-ion at m/z 701, which were assigned to internal Hex 1 HexNAc 1 and terminal HexNAc 2 dHex 1 , respectively ( Figure 8B ). The MS 4 spectrum of the latter ion contained B/Y-ions at m/z 268 and 495 corresponding to internal HexNAc and HexNAc 2 and B-and C-ions at m/z 456 and 474 corresponding to terminal HexNAc1dHex1 unit ( Figure 8C ), suggesting that the deoxyhexose (dHex) residue was attached to the outer HexNAc residue, resulting in a dHex-HexNAc-HexNAc sequence. We investigated the use of bovine kidney α-fucosidase and Streptomyces α1,3/4-fucosidase treatments for the removal of the dHex residue from this glycan of nonpermethylated form, but no change was observed on either HPLC or MS analysis (data not shown). Instead, a mild hydrochloric acid treatment easily removed the dHex residue accompanied by de-sialylation from the glycan, yielding the biantennary glycan with GalNAcα1-GlcNAcβ1-LacNAc on the α1,6-Man arm, which was identical to the de-sialylated form of the glycan #54 ( Figure 3C ). These results suggested that α-linked GalNAc was further modified with dHex. Moreover, glycans with both the GalNAcα1-GlcNAc and LacdiNAc as HexNAc 2 structures on the different branches were also detected (#56 and 102).
N-Glycan alterations during embryonic development
PA-glycans were additionally prepared from deyolked zebrafish embryos at five developmental points-i.e., 6, 12, 18, 24 and 48 hpf (gastrula, early-and mid-segmentation, pharyngula and hatching stages)-by a similar procedure for the 36 hpf stage. PA-glycans from the yolk at 6 and 48 hpf were also prepared. The reversed-phase HPLC chromatograms showed that the PA-glycan profile of deyolked embryos clearly changed along with development, whereas those of the yolk were almost unchanged ( Figure 9A-C) . We further analyzed the PA-glycans of deyolked embryos for structural assignment and quantification by the two-dimensional mapping ( Figure 9D ). Oligomannosetype N-glycans Man 5-9 GlcNAc 2 (#1-3, 5, 6, 9, 11 and 17) were predominant throughout all the developmental stages analyzed, whereas the amounts and structural features of complex-and hybrid-type Nglycans varied in a stage-dependent manner. Since the body mass of zebrafish embryos increases along with development, we compared the N-glycan profiles of different developmental stages by the relative amounts of each of the glycans. Man 5 GlcNAc 2 (#11), one of the major oligomannose-type glycans in the deyolked embryos but not in the yolk, was used as an internal standard because the amounts of Man 8-9 GlcNAc 2 (#1-3) were more susceptible to yolk glycan contamination among most major oligomannose-type glycans. At the earlier stages, 6 and 12 hpf, complex-and hybrid-type glycans were detected as minor components and mainly possessed nonextended GlcNAc (#26 and 27) or LacdiNAc with α2,6-sialylated (#22, 46, 79 and 86) antennae. LacNAc-containing glycans were scarcely detected at these stages, except in the case of the galactosyl sialyl Lewis x-containing glycan, the most abundant complex-type glycan in the yolk (#63). These complex-and hybrid-type glycans were classified as Group 1 in Figure 9D .
The complex-and hybrid-type glycans containing LacNAc antennae were detected at remarkably high levels at 18 hpf and further increased at 24 hpf (#21, 23, 24, 29, 31, 34, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) Group 2) . These glycans were usually α2,6-sialylated, whereas modifications with α2,3-sialylic acid, core α1,6-Fuc and bisecting GlcNAc were less abundant. In addition, unique (+/− dHex-)GalNAcα1-GlcNAcβ1-containing N-glycans (#54 and 55) and a O-GalNAc-type glycan composition To compare relative amounts of each glycan among different developmental stages, the amount of the oligomannose-type glycan, Man 5 GlcNAc 2 (glycan #11 in Table I) , was set to 100. Columns represent the developmental stages as follows: vertically striped, 6 hpf; horizontally striped, 12 hpf; white, 18 hpf; diagonally striped, 24 hpf; dotted pattern, 36 hpf; black, 48 hpf. The glycan structure numbers on the horizontal axis correspond to those defined in Table I . Monosaccharide symbols for the glycan structures are indicated as follows: white circle, Gal; white square, GalNAc; gray circle, Man; black circle, Glc; black square, GlcNAc; gray triangle, Fuc; gray diamond, Sialic acid (NeuAc). The linkage positions of sialic acids (α2,3-or α2,6-) are indicated above the glycan structures.
of Hex 2 HexNAc 6 dHex 2 -PA were also detectable from 18 hpf (data not shown). At a later stage, 48 hpf, the proportion of complex-and hybrid-type glycans remained almost unchanged from 24 hpf, but showed increased structural diversity. The glycans with core α1,6-Fuc, bisecting GlcNAc and/or α2,3-sialic acid modifications were increased (#28, 30, 32, (36) (37) (38) 41, 42, 48, 50, 51 and 82; Group 3) , whereas the amounts of glycans without those modifications were reduced. The glycan profile at 36 hpf showed intermediate pattern of those of 24 and 48 hpf.
Discussion
In this study, we analyzed the N-glycan profiles of deyolked embryos and the yolk of zebrafish separately, in order to reveal their distinct characteristics. In the embryos, various lengths of oligomannose-type glycans were abundantly detected at all developmental stages analyzed. This higher proportion of oligomannose-type glycans was probably due to a higher proportion of undifferentiated cells Hasehira et al. 2012; Nairn et al. 2012; Kawamura et al. 2014 ). On the other hand, less-processed oligomannose-type glycans were predominant in the yolk. Egg yolk proteins are mainly derived from vitellogenin, a glycophospholipoprotein produced by the maternal liver, transported to oocytes and stored as its cleavage products (Opresko et al. 1980; Opresko and Karpf 1987) . A previous report showed that zebrafish vitellogenin possesses oligomannose-type glycans (Fan et al. 2010) . Therefore, most of the oligomannose-type glycans of yolk were presumably from vitellogenin. Our data indicated that yolk also contained phosphorylated oligomannose-type glycans. They were probably derived from lysosomal hydrolases in the yolk (Fagotto and Maxfield 1994; Fagotto 1995; Komazaki and Hiruma 1999) . These differences in the profiles of oligomannnose-type glycans were consistent with the previous report showing that whole larvae with yolk at 4 days postfertilization contained much more abundant Man 9 GlcNAc 2 glycans than those without yolk (Bammens et al. 2015) . For the deyolked zebrafish embryo at 36 hpf, the majority of the complex-and hybrid-type glycans possessed simple LacNAc antennae and/or its sialylated form without additional Gal, which are commonly found in other vertebrate species, including mammals. These common LacNAc-containing glycans were scarcely present in the earlier stages, i.e., the gastrula (6 hpf) and early segmentation period (12 hpf), but were drastically increased at the mid-segmentation stage (18 hpf), consistent with a previous study focused on only neutralized LacNAc-containing biantennary glycans (Takemoto et al. 2005) . The amounts of these glycans were further increased until the pharyngula stage (24 hpf), and remained at a similar level at the hatching stage (48 hpf). GnT-I catalyzes the key step of the complex-and hybrid-type N-glycan biosynthetic pathway. Mice lacking the Mgat1 gene, which encodes this enzyme, show morphological abnormality at embryonic day (E) 9.5 and die by E11.5 (Ioffe and Stanley 1994; Metzler et al. 1994 ). In the Mgat1-null mouse embryos, complex-type N-glycans were detected by lectin-based analysis at earlier stages due to maternal gene transcripts (Campbell et al. 1995; Ioffe et al. 1997) . The complete Mgat1-null mouse embryos from Mgat1-deleted oocytes could also be fertilized and develop to E9.5 (Shi et al. 2004) . The stages at 24 hpf in zebrafish and E9.5 in mice correspond to the phylotypic stage of vertebrates, which is a mid-embryonic stage at which more conserved morphological and gene-expression features are observed among vertebrates (Irie and Kuratani 2014) . Thus, biosynthesis of the complex-and hybrid-type N-glycans with common LacNAc may contribute to normal development of the vertebrate embryos.
Complex-and hybrid-type glycans with core α1,6-Fuc were detected at the mid-segmentation period and were further increased from the pharyngula to hatching stage, consistent with previous geneexpression analysis of the fut8a gene, which encodes an enzyme responsible for core α1,6-fucosyltransferase (Dehnert et al. 2011) . Knockdown of the fut8a gene by morpholino-oligo causes developmental defects, including mid-line patterning (Seth et al. 2010) . The bisecting GlcNAc residue was detected at a low level in the earlier stages and increased along with development. This might have been related to the cell differentiation states of the embryos.
In contrast to the common LacNAc glycans for zebrafish deyolked embryos, the majority of complex-type glycans of the yolk were bi-and triantennary glycans with LacNAc characteristically modified with α1,3-Fuc, α2,3-sialylic acid and β1,4-Gal (Guérardel et al. 2006) . These glycans might also be derived from vitellogenin. The same antennary structure was also found on zebrafish liver cells (Vanbeselaere et al. 2012) . Phosvitin, a vitellogenin-derived protein found in different fish species (Oryzias latipes, Plecoglossus altivelis and Tribolodon hakonensis), contains bi-and triantennary N-glycans with species-specific α2,3-sialylated antennary structures (Iwasaki et al. 1992) . The glycans with the antennary structure were less abundant in larvae at 4 days postfertilization, even though they contained yolk, probably due to consumption of yolk glycoproteins containing these glycans (Bammens et al. 2015) .
Complex-and hybrid-type glycans with LacdiNAc were also detected as minor components in the deyolked embryos at all developmental stages, but were reduced at a later stage (48 hpf). The occurrence of glycans with both LacNAc and LacdiNAc antennae from the mid-segmentation stage suggests that there was competition for the biosynthesis of those antennae within the same cellular compartments. The reduction of the LacdiNAc-containing glycans at a later stage suggests that the biosynthetic pathway of LacdiNAc antennae was shifted to that of LacNAc antennae.
Sialic acids were found on most of the complex-and hybrid-type glycans of zebrafish embryos. LacdiNAc, which was detected from the earlier stages, and common LacNAc, which was increased from the mid-segmentation period, were mainly α2,6-sialylated. For N-glycan processing, two types of α2,6-sialyltransferases, St6gal-I and -II, were found in mammals (Harduin-Lepers et al. 2005 ). St6gal-I exclusively acts on type-II LacNAc, whereas St6gal-II prefers LacdiNAc rather than LacNAc as an acceptor substrate (Rohfritsch et al. 2006; Laporte et al. 2009 ). In the zebrafish embryo, two orthologous genes of St6gal-II, st6gal2a and st6gal2b, are known to be expressed from the gastrulation to larval stages, and the St6gal-I gene, st6gal1, is expressed after mid-segmentation (Petit et al. 2010) , which is consistent with the glycan profiles observed in this study. At later embryonic stages, α2,3-sialylation of LacNAc was increased. This shift of sialic acid linkages might also be related to the cellular differentiation state (Hasehira et al. 2012; Kawamura et al. 2014 ).
In the current study, glycans were liberated from proteins under a strong hydrazinolysis condition. Consequently, almost all N-and O-acyl groups on the native glycans were removed and replaced with an N-acetyl group. Zebrafish embryos natively contain a considerable amount of NeuGc as well as NeuAc on the N-glycans (Chang et al. 2009 ).
The Galβ1-4Galβ1-4GlcNAc sequence is a glycan epitope that is widely distributed in non-mammalian vertebrates, from fish to birds Suzuki et al. 2003) . The β1,4-galactosyltransferase responsible for the synthesis of the Galβ1-4Gal sequence was identified in pigeon, and its orthologous genes were also found in zebrafish genome (Suzuki and Yamamoto 2010 ). In the current formic acid in water and 0.5% formic acid in acetonitrile. The flow rate was 50 µL/min and the gradient conditions were varied for the different samples. MS 2 experiments of PA-glycans were performed by collision-induced dissociation in a data-dependent mode or selected parent ion isolation. Likewise, the permethylated PA-glycans were trapped on an Inertsil ODS-3 cartridge guard column E (1.5 × 10 mm; GL Sciences), and eluted by aqueous acetonitrile at a flow rate of 505 µL/min mixing with 15 mM NaOH at a flow rate of 0.5-2 µL/ min from a postcolumn syringe pump to form alkali metal adducts. MS n experiments were performed by selected parent ion isolation.
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